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In addition to convection in the liquid phase, which can be made negligible in microgravity, other extrinsic
effects should be suppressed, or at least controlled, in order to be able to actually relate the dynamics and
selection of cellular arrays that result from the pure morphological instability of a planar solidification front to
the processing parameters: growth velocity V, thermal gradient G, and solute concentration C,. Therefore, we
successively analyzed the influence of four major extrinsic sources of ‘‘parasitic’’ effects in cellular solidification
and, when complementary, in Bénard convection with a free surface. The container imposes confinement and
wall conditions. Cellular doublets or spatiotemporal chaes are favored by the presence of grain boundaries.
When the solute is volatile, gas pores may nucleate, which then provoke capillary convection and whose growth
can either suppress morphological instability or form localized duplexes, upon coupling with a cellular or
dendritic envelope. Finally, the experimental procedure, essentially through the initial conditions that are
applied, determines the initial transient and sometimes prevents the asymptotic state to be reached, possibly by
dynamically locking the system in an intermediate configuration, characterized by a significant amount of

““noise.”’

Nomenclature

= initial solute concentration

= container width

= thermal gradient

solidified length

= average edge length of the minimal spanning tree
= growth velocity

= critical velocity for morphological instability of a
planar solidification front

velocity gap (procedure 2 for directional
solidification of Pb-30 wt% TI alloys)

= standard deviation of primary spacing

= cell size in an unconstrained medium (computed
from linear stability analysis close to the threshold
of instability or otherwise estimated in experiments
in large containers)

average primary spacing
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o = standard deviation of the minimal spanning tree

edge-length distribution

Introduction

INCE it allows a close control of the solid microstructure,

and thus of the properties of the material, controlled so-
lidification is a major technique to produce engineering com-
ponents. Consequently, it is important to establish the precise
correlation between the microstructure and the processing
conditions. Furthermore, in the last years interesting similar-
ities have been appreciated between several pattern-forming
instabilities in different fields of science,!~* which led to sig-
nificant theoretical advances in the understanding of the se-
lection and stability of structures. Cells and dendrites, which
result from morphological instabilities of the solidification
front, belong to this family. Therefore, besides their long-
time known technological importance, these nonlinear pat-
terns have now gained further attention as archetypes. In
particular, the question of the ultimate selection of the pri-
mary spacing is most intriguing for the physicist seeking for
the various ways in which the selection of cellular pattern may
or may not occur.! This article concerns the influence of ex-
trinsic effects on the dynamics and selection of cellular arrays
(Fig. 1). Although our main interest is the cellular directional
solidification of a binary alloy, Bénard cells (convection cells
in a thin liquid layer with an upper free surface heated from
below) will also be considered.

Indeed, as the minimal spanning tree (MST) contains all
information on pattern organization and leads to a unique
edge-length histogram, the statistical analysis of array ar-
rangement by the MST method is meaningful.* It follows??
that, in the (m, o) diagram, the representative points fall on
the trajectory joining the honeycomb to the random distri-
bution for both solidification cells and Bénard celis (Fig. 2).
This means that, despite a high percentage of defects, the
underlying mosaic is still detectable. Basically, the cell centers
form a triangular array, and the disorder associated to the
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alloy. G = 45°C/ecm, V = 1.1 em/h. Chemical etching on a transverse
section. Image width = 3.2 mm.
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Fig. 2 Representative points in the (m, o) diagram for arrays of
solidification cells in Pb-30 wt % TI alloys and for the time evolution
of a Bénard pattern.

Fig. 3 Effect of a macroscopic modulation of the solid-liquid interface
(solid plateaus on the periphery are separated by a depletion filled
with quenched liquid, hatched area) on the regularity of the cellular
array. Pb-30 wt % Tl, G = 55°C/cm, V = 2 ¢m/h. Sample diam-
eter = 4 mm. Chemical etching on a transverse section.

topological defects can be described by the superposition of
a Gaussian “noise.” Therefore, we believe that the simulta-
neous and complementary investigation of different systems
is likely to provide critical information on morphogenesis in
honeycomb-forming instabilities. In particular, it would be
worthwhile to determine if the relation ‘‘cellular array =
honeycomb + Gaussian noise” is a generic feature and to
search for the physical origin of this noise. In order to achieve
these goals and actually relate the dynamics and selection of
cellular arrays to the sole processing parameters, namely V,

CELLULAR ARRAYS

G, and C; in directional solidification, one should first get rid
of, or at least control, all extrinsic effects.

Convection in the liquid phase, which on the ground distorts
the macroscopic shape of the solidification front®¢ and makes
the level of morphological instability nonhomogeneous (Fig.
3), can be made negligible in microgravity. In the following,
we will successively analyze the influence of four major ex-
trinsic sources of parasitic effects: 1) the crucible, or con-
tainer; 2) the grain boundaries; 3) the gas pores; and 4) the
experimental procedure, essentially through the initial con-
ditions that are applied.

Container

The crucible, or container, imposes confinement and wall
conditions. To be active on structure formation and selection,
lateral constraints must be at the scale of the primary spacing,’
otherwise, only the cells on the periphery are altered to match
with the boundaries. The parameter that dictates the large or
small size of the container is the ratio d/A. For instance, in
Bénard convection in small vessels, a cell can be imposed in
the center® which relaxes towards the unit hexagonal cell sur-
rounded by six half-cells for d/A about two (Fig. 4). Such
information on the adaptation to a very restricted environ-
ment and the entrance of the hexagonal array should prove
useful in the understanding of cellular solidification in a cap-
illary or an interstice.

The influence of lateral confinement also very much de-
pends on the compatibility of the geometry of the cellular
array with the geometry of the container. In a square vessel,
there can be only two compatible walls for Bénard cells, i.e.,
perpendicular to the boundaries of hexagonal border cells.
Then, array disorder first appears at the two incompatible
walls, which are set vertical in Fig. 5.

Fig. 4 Hexagonal Bénard cell centered in a cylindrical container of
13.5 cm in diameter.

Fig. 5 Birth of topological disorder from the incompatible walls of
a square vessel with 25-cm sides, 10 min after the initial imposition
of a perfect array of Bénard cells possessing walls perpendicular to
the vertical sides. Binary image with MST.
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Fig. 6 Outward drift of the cell walls due to cell advection along the
convex solid-liquid interface. Pb-30 wt % TI solidified in microgravity.
V = 0.7 em/h, G = 20°C/cm. Sample diameter = 9.5 mm. Chemical
etching on a longitudinal section.

In solidification experiments, wall conditions are often
dominant. For Pb-TI alloys, the phase boundary is macro-
scopically convex due to the difference in thermal conductivity
between liquid and solid, as shown under diffusive conditions
in the D1 mission.? It follows that the cells are advected from
the center towards the periphery as revealed by the curved
trajectories of the cell walls in Fig. 6. Consequently, there
should be a continuous creation of new cells in the central
part of the sample. The serious drawback then is that the
curvature of the front is a permanent source of array dynam-
ics, which would impede the system to reach a true steady
state.

Grain Boundaries

Although the preferential coupling between morphological
instability and grain boundaries has long been recognized, in
cellular growth, the grain boundaries are essentially consid-
ered as artifacts to be buried in the intercellular grooves.
Nevertheless, observations on succinonitrile-acetone alloys show
that this is a much too restricted vision. Indeed, the pairs of
asymmetric cells that develop at grain boundaries can dupli-
cate within the grains (Fig. 7) eventually resulting, after com-
plete invasion and cell eliminations, in a stable doublet mi-
crostructure (Fig. 8).

The range of stability of doublets is found to be narrow,®
roughly in the regime where finite amplitude cells transform
to deep cells. Observations show that whether an interface
with a doublet formation is stable or not depends upon the
stability against the tip-splitting phenomenon. In the unstable
case, the nonlinear dynamics give rise to a cellular array (Fig.
9). After initial perturbations, the wavelength selection pro-
cess begins with cell elimination (Fig. 9a), which causes the
neighboring cells to enlarge. However, instead of forming a
doublet, these coupled cells undergo the tip-splitting process
at the time they become too large, which in a first approxi-
mation induces a halving of the local spacing. This pertur-
bation in local spacing then is propagated laterally along the
array, which provokes cell elimination (Fig. 9b). This halving
enables the cells on both sides of the grain boundary to re-
commence there the building of a doublet which, as before,
is doomed to failure. As such a sequence is self-sustained in
places where there are grain boundaries, it follows that the
grain boundaries are the principal source of spatiotemporal
chaos which prevents a steady state to be achieved in the
pattern (Fig. 9¢).

Besides, grain boundaries can be seen as a means of intro-
ducing lateral constraints possessing their own specific dy-
namics that must couple with the dynamics of the interface
microstructure. For instance, grain boundaries are able to
shift laterally in order to accommodate the doublet micro-
structure (Fig. 10).
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Fig. 7 Progressive initiation of coupled cells within a large grain and
lateral propagation of morphological instability in the form of wave
packets. Succinonitrile-0.5 wt % acetone, V = 1 um/s, G = 30°C/
cm. Grain boundaries are indicated by arrows.

Fig. 8 Stable array of cellular doublets formed after 11,280 s of
growth. Succinonitrile-0.5 wt % acetone, V = 0.75 pm/s, G = 43°C/
cm.

Fig. 9 Evolution of a cellular pattern above the range of stable doublet
growth. Succinonitrile-0.5 wt % acetone, V = 1 pm/s, G = 30°C/cm.
Patterns formed after a) 2700 s, b) 3600 s, and c) 4500 s.
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Fig. 10 Lateral motion of grain boundaries to match the width of
the grain to the doublet array. Succinonitrile-0.5 wt % acetone, V =
0.75 pm/s, G = 43°C/cm.

Gas Pores

When solute is volatile, as acetone is in succinonitrile, bub-
bles can form in directional solidification of a binary alloy
even starting from extremely pure materials. Bubbles com-
monly nucleate well ahead of the solid-liquid interface which,
while being pushed or captured, greatly alter the front mi-
crostructure, introducing changes in primary spacing and ar-
ray disorder (Fig. 11).

More often, bubbles nucleate in the intercellular grooves
that are enriched in acetone. These bubbles either get trapped
or detach and migrate to the level of the tips, where they
coarsen, become elongated, and create cylindrical inclusions
when captured. Another type of interface microstructure, lo-
calized duplexes, can also develop upon the formation of solid
sheaths around the elongated bubbles (Fig. 12). As a bubble
is a sink for acetone and the solidification front a source,
there is a source-sink competition which, with the interplay
of capillary convection driven by gradients of surface tension
at the gas-liquid interface (bubble cap), leads to the formation
of an internal oscillator, whose frequencies can be determined
from the fast Fourier transform of the time variation of the
bubble diameter.!

Possessing a rich and complex dynamical behavior, du-
plexes strongly effect the solidification microstructure in their
neighborhood. Cellular duplexes disrupt the solidification front
and either partly superpose on, or readily incorporate into,
the cellular array. Dendritic duplexes, undergoing coherent
side-branching, are observed when the level of morphological
instability is increased (Fig. 13). In contrast to the usual den-
dritic side-branching induced by experimental broadband or
white noise, coherent side-branching on a dendritic duplex
results from selective amplification in the discrete spectrum
of frequencies generated by the internal oscillator. In the
linear region of amplification, the dominant frequency is the
closest to maximum amplification in the continuous band of
unstable frequencies obtained by local application of linear
analysis of morphological instability of a planar front.”? A
striking feature certainly is that the side-branches then remain
symmetrical, even in the highly nonlinear regime.

It should be noticed that the absorption of acetone by the
bubble creates a lateral gradient of solute or, in other words,
aramp in the level of morphological instability. When a planar-
cellular transition is induced along the interface, the primary
spacing is more able to adjust by the lateral motion mecha-
nism.'?

Experimental Procedure

In order to analyze the influence of the initial transient on
the formation of a cellular array, two series of experiments
were carried out on Pb-30 wt % TI alloys using different
procedures. In the first series, the system is initially solidified
at a velocity of 0.4 cm/h which is below the critical velocity
previously determined, V. = 0.60 cm/h. Once steady-state

Fig. 11 Blocking of cells in the beginning of bubble engulfment in
the solid. Succinonitrile-0.5 wt % acetone, V = 1 um/s, G = 30°C/
cm.

Fig. 12 Localized cellular duplex within an array of deep cells. Suc-
cinonitrile-0.15 wt % acetone, V = 4 pm/s, G = 65°C/cm.

Fig. 13 Coherent side-branching on dendritic duplex. Succinonitrile-
0.5 wt % acetone, V = 2 um/s, G = 30°C/cm.

planar growth is established, the furnace velocity is suddenly
driven at a velocity of 0.85 cm/h which corresponds to cellular
growth. The response of the solid-liquid interface to the ap-
plication of AV is then examined. With the second procedure,
the velocity of cellular growth is applied from the very be-
ginning of solidification. It is then possible to study the ev-
olution of the cellular patterns towards the steady-state array.
In both cases, solidification is stopped by quenching the sam-
ple after different durations at 0.85 cm/h. The morphology of
the solidification front is therefore frozen, which enables the
study of the interface microstructure vs L.

By using the weighted Wigner-Seitz construction,? (A) and
AA are measured for each cellular pattern (Fig. 14). With
procedure 1, for a solidified length of 1 cm, the solid-liquid
interface is dendritic (results are given for an orientation very
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Fig. 14 Variation of the primary spacing (A) vs solidified length L
at V = 0.85 cm/h. Pb-30 wt % T1, G = 45°C/cm.
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Fig. 15 Evolution in the (m, o) diagram of the cellular array disorder
with L. Pb-30 wt % TI.

close to (100) as the pattern depends on growth axis). This
means that the interface velocity significantly overshoots to
compensate the initial inertia in the response to the variation
AV in the furnace velocity. Then, the front velocity necessarily
slows down so that the interface restabilizes into cells whose
size decreases towards the asymptotic value. With procedure
2, the velocity overshoot is less pronounced so that, on the
average, convergence is more rapid.

Detailed information on array disorder in the process of
spacing adjustment is obtained by the MST method. In Fig.
15, one can see the evolution in the (m, o) diagram when L
is increased. Initially, the average cell size is too large so that
cell divisions occur by tip-splitting or mitosis. This phase in-
troduces a large number of defects so that m decreases while
o increases (Fig. 15: from 1 to 2). After this first stage, rear-
rangement follows during which both primary spacing and
array disorder decrease (Fig. 15: from 2 to 3). The increase
of m is due to the lowering of the number of very small cells,
which preferentially contribute to the edge length histogram
as they naturally provide short edges in the MST. Then, the
process of cell division and rearrangement is repeated (re-
spectively, from 3 to 4 and from 4 to 5 in Fig. 15), giving rise
to an oscillatory approach of the asymptotic state, in the sense
of disorder.

Whereas, in solidification experiments, it seems impossible
to choose the initial conditions, i.e., the initial cellular array,
in Bénard convection, the patterns can be carefully investi-
gated either starting from the natural instability of the fluid
layer*® or by using a thermal indentation technique to generate
hexagonal cells with an imposed side.® Using the former pro-
cedure, critical experiments have stressed that it is only after
a very slow elimination of defects by pair annihilation in a
transient, and also at the container wall, that the percentage

CELLULAR ARRAYS 117

Fig. 16 Absence of disorder in the bulk array when a honeycomb
with the natural spacing is initially imposed. Bénard cells. Hexagon
side = 17 cm, distance from thresheld = 4.5. Black dots correspond
to cell centers.

of defects reaches a constant value, that is characteristic of
and increases with the level of instability.’* The latter pro-
cedure enables one to start very close to the perfect hexagonal
pattern and follow the representative point in the (m, o)
diagram (Fig. 2). Starting from an initial spacing lower than
the steady-state one, cell eliminations first occur by which the
average size increases rapidly towards its stationary value while
increasing the level of disorder (Fig. 2), very much like so-
lidification. But, unlike solidification, no visible oscillation or
subsequent amelioration of the array is then observed. The
final point for the Bénard array remains close to the data
points for the Pb-30 wt % TI alloys obtained by “standard”
directional solidification, i.e., by suddenly switching the growth
velocity on after thermal stabilization.

Obviously, the locking of a pattern in an intermediate con-
figuration might be due to some time scale far exceeding the
duration of the experiment. In that case, it would be hopeless
to express the sharpness of selection in usual experiments in
a limited time as a function of the control parameters only.
Yet, other physical mechanisms are still conceivable that could
introduce a significant amount of disorder, among which the
dynamics of formation of the cellular array itself. Indeed, a
critical experiment in Bénard convection, carried out by ini-
tially imposing a honeycomb with a spacing “adapted” to the
level of instability, showed no array dynamics during four
days, apart from the cells close to the container walls (Fig.
16). It followed that the cellular array remained perfect, with-
out topological defects and disorder. Such an experiment sug-
gests to conjecture that “no dynamics = no disorder,” which
will be ascertained in forthcoming studies.

Conclusions

Is primary spacing selection in cellular solidification a real-
ity, an approximation, or a myth? A band of spacings, possibly
narrow, is predicted by theories, but the possibilities of a
dynamical or noise-driven selection are largely unexplored.!
Therefore, a major conclusion of our studies certainly is that,
for a meaningful analysis of the formation and sharpness of
selection of cellular arrays in directional solidification, it is
mandatory to separate the processes linked to the spreading
and amplification of the interface perturbations and to the
wavelength adjustment itself from the processes of extrinsic
origins.

It is found that in cellular solidification the final state is the
same for two common experimental procedures, indepen-
dently of the transients. Nevertheless, although some insight
has been gained in Bénard convection, the feasibility of an
optimized directional solidification procedure, which would
rapidly converge to the asymptotic state, still is an open ques-
tion, in particular the artificial selection of an array with a
unique spacing.

Finally, all the “parasitic” effects we have discussed are,
by themselves, very appealing from a physicist point of view,
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because the present understanding of their underlying mech-
anisms is relatively poor. Microgravity, by suppressing buoy-
ancy convection in the melt, would also provide a unique way
for studying pure phenomena.
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